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Superconductivity has been found in newly discovered iron-based compounds. This paper studies
the motion of magnetic vortices in BaFe1.9Ni0.1As2 single crystal by means of the magneto-optical
imaging technique. A series of magneto-optical images reflecting magnetic flux distribution at the
crystal surface were taken when the crystal was zero-field cooled to 10 K. The behavior of the
vortices, including penetration into and expulsion from the single crystal with increasing and
decreasing external fields, respectively, is discussed. The motion behavior is similar to that
observed in high-Tc superconducting cuprates with strong vortex pinning; however, the flux-front
is irregular due to randomly distributed defects in the crystal. VC 2011 American Institute of
Physics. [doi:10.1063/1.3562261]
I. INTRODUCTION
The discovery of superconductivity in the oxypnictides
phase, LaFe(OF)As,1,2 has stimulated strong interest in
understanding the physical properties of the new Fe-based
superconducting materials, mechanisms of superconductiv-
ity, and differences between the Fe-based superconducting
compounds from the high-Tc cuprates. Superconductivity has
been found in a wide variety of compounds with Fe2þ square
planar sheets, such as the oxypnictides of LaFeO1xFxAs (or
LaFeO1xAs) and doped ThCr2Si2-type structure compounds
of BaFe2As2,
3 LiFeAs,4 and FeSe.5–7 It also has been noticed
that superconductivity can be induced in BaFe2As2 by alloy-
ing Fe with the other ferromagnetic 3d elements, such as Co
(Ref. 8) or Ni,9,10 similar to the oxypnictides11,12 and (Ba,K)-
Fe2As2.
13 Investigation of the vortex properties in new Fe-
based superconducting materials will provide a fundamental
understanding of the materials. Magneto-optical imaging
(MOI), as a simple and versatile method, can easily visualize
the motion of local vortices in superconducting materials on
the micrometer scale.14 In comparison, the superconducting
quantum interference devices and the vibrating sample mag-
netometer normally study collective magnetic properties.
While vortex motion in Co-doped Ba(Fe1.8Co0.2)As2
single crystal has been studied,15 this paper studies the prop-
erties of local magnetic vortices in Ni-doped BaFe1.9Ni0.1As2
single crystal by means of the MOI technique after the sam-
ple was zero-field cooled down to 10 K. The observed
motion of vortices was found to be very similar to that in
high Tc cuprates with strong flux pinning strengths.
II. EXPERIMENTAL DETAILS
The nominal composition Ba(Fe1.9Ni0.1)As2 single crys-
tals were grown out of Fe–As flux by the self-flux method, as
used for Ba(Fe1.8Co0.2)As2 single crystal.
8 The size of the
rectangular-shaped single crystal studied is 2.7 1.8 0.2
mm.3 The crystal is brittle, with well-formed plates with the
[001] direction perpendicular to the plane of the crystal.
However, the edges of the crystal and the corners are not
well defined.
The magneto-optical images shown in the paper were
captured using the MOI technique,16 which was built based
on the Faraday rotation of polarized light in a Bi-doped iron
garnet indicator film with in-plane magnetization. The opti-
cal cryostat was cooled by a compressor. The temperature
can reach down to 10 K, and the applied external field can be
up to 17 kOe. The indicator film was placed directly on top
of the crystal with slight mechanical pressure to ensure that
the field distribution at the crystal surface could be precisely
imaged by the indicator film.
III. RESULTS AND DISCUSSION
Figure 1 shows the temperature dependence of electrical
resistivity in the a–b plane in the absence of magnetic field.
Measurements were performed on a Quantum Design Physical
Property Measurement System. The crystal shows metallic
behavior at temperatures above the transition temperature. The
resistivity drops down abruptly at 18.8 K and reaches zero at
a)Author to whom correspondence should be addressed. Electronic mail:
jacklin@eng.uts.edu.au.
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17.4 K. The transition width is 1.4 K. This value is larger than
that reported for Ba(Fe1.904Ni0.096)As2 (Ref. 17) (less than 1 K)
and for Ba(Fe1.8Co0.2)As2 single crystal (0.6 K).
8
Figure 2 shows the magnetization hysteresis loop of the
crystal measured at 5 K with an applied magnetic field along
the c-crystallographic direction. It can be seen that the lower
critical field Hc1 is very small, around 50 Oe. Limited by the
maximum field of 5 T, the second peak for fishtail effect, as
shown in Ba(Fe1.8Co0.2)As2,
8 is not observed. It is believed
that the fishtail18 effect could be observed at a higher applied
field or at higher temperatures with the field up to 5 T, as
observed in Ba0.6K0.4Fe2As2 single crystal.
19
Figure 3 presents magneto-optical images taken at 10 K
and with different applied magnetic fields parallel to the c-
direction. The contrast of Fig. 3(a) was enhanced using
image editing software. The tooth-pattern domains resulted
from the stray field parallel to the indicator film. Some
defects in the indicator film can be clearly seen in Figs. 3(d)
and 3(e). At the fields below 50 Oe, the vortices were com-
pletely shielded from the crystal, and the crystal was in the
Meissner state. As the field rose over 60 Oe, the vortices
started penetrating into the crystal from points along the
edge, as shown in Fig. 3(a), which was taken at 83 Oe. As
the applied field increased further, the vortices penetrated
further into the crystal. In addition, penetration also occurred
along the crystal edges, as shown in Figs. 3(b) and 3(c). The
behavior is very similar to that in high-Tc cuprates. At 531
Oe, the salient flux front reached the central region of the
crystal, as shown in Fig. 3(d), but there was still a small flux-
free region. At about 584 Oe, the vortices occupied the
whole crystal, and the flux-free region disappeared. The
crystal was in a mixed state. Figure 3(e) is the magneto-
optical image for the remanent state after the field increased
to 1700 Oe. It shows clearly that the penetrated vortices are
pinned in the central region of the crystal and the vortices
around the crystal edges have left the crystal.
In order to clearly present the progress of the flux front
moving in the crystal, Fig. 4 shows the superposition of flux-
free regions at different applied fields. The vortex penetra-
tion initially occurs at the defect points along the edges. As
the field increases further, the existing vortices penetrate fur-
ther into the crystal. In addition, vortex penetration occurs
along the edge, forming irregularly shaped flux fronts. As a
FIG. 1. (Color online) Temperature dependence of resistivity.
FIG. 2. (Color online) Magnetization hysteresis loops measured at 5 K with
the fields along the c-crystallographic direction.
FIG. 3. (Color online) Magneto-optical images taken at 10 K and with
applied magnetic fields of 83 Oe (a), 265 Oe (b), 354 Oe (c), 531 Oe (d), and
in the remanent state (e).
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result, the flux-free region shrinks continuously. This obser-
vation indicates that the crystal has strong vortex pinning,
which damps the motion of the vortices. It can also be seen
that the vortices penetrate into the crystal easily from the
defect points along the edges, but these defect points are not
the starting points of the channels along which the vortices
can easily enter the crystal. Because these crystal structure
defects are randomly distributed in the crystal, the flux-front
shape is irregular.
The critical current density can be estimated using the
Bean critical state model20 as follows:
d
dx
BzðxÞ ¼ l0Jc (1)
According to the field distribution along the horizontal line
shown in Fig. 3(b), the critical current density, Jc, is estimated
to be 5.5105 A/cm2. This value is similar to the value
reported in unirradiated Ba(Fe0.93Ni0.07)2As2 crystal at 10 K.
21
IV. CONCLUSION
The single crystal Ba(Fe1.9Ni0.1)As2 was grown from
Fe–As flux and had a transition temperature of 18.8 K and
transition width of 1.4 K. The vortex motion in the crystal
was studied by means of magneto-optical imaging with
increasing and decreasing applied magnetic fields parallel to
the c-direction after zero-field cooling. In general, the crystal
is in the Meissner state at fields below the low critical field.
As the applied field increases further, the vortices penetrate
into the crystal along the edges over the low critical field and
move toward the center of the crystal. While the field
decreases to zero, the penetrated vortices are pinned in the
crystal with the remanent state. Such behavior is very similar
to the vortex motion in high-Tc cuprates with strong vortex
pinning. However, an irregular flux-front shape was ob-
served due to the structural defects randomly distributed in
the crystal. The critical current density, Jc, estimated from
the flux distribution is about 5.5105 A/cm2.
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18M. Jirsa, L. Půst, D. Dlouhý, and M. R. Koblischka, Phys. Rev. B 55, 3276
(1997).
19H. Yang, H. Luo, Z. Wang, and H.-H. Wen, Appl. Phys. Lett. 93, 142506
(2008).
20C. P. Bean, Rev. Mod. Phys. 36, 31 (1964).
21Y. Nakajima, Y. Tsuchiya, T. Taen, T. Tamegai, S. Okayasu, and M.
Sasase, Phys. Rev. B 80, 012510 (2009).
FIG. 4. (Color online) Flux-free regions for applied fields of 109 Oe, 135
Oe, 265 Oe, 299 Oe, 354 Oe, 430 Oe, 502 Oe, and 531 Oe. The outermost
black line is the outline of the crystal.
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